The Porcupine Basin, part of the frontier petroleum exploration province west of Ireland, has an 16 extended history that commenced prior to the opening of the North Atlantic Ocean. Lithospheric 17 stretching factors have previously been estimated to increase from <2 in the north to >6 in the south of 18 the basin. Thus, it is an ideal location to study the processes leading to hyperextension on continental 19 margins. The Porcupine Median Ridge (PMR) is located in the south of the basin and has been 20 alternatively interpreted as a volcanic feature, a serpentinite mud diapir, or a tilted block of 21 continental crust. Each of these interpretations has different implications for the thermal history of the 22 basin. We present results from travel-time tomographic modelling of two ~300-km-long wide-angle 23 seismic profiles across the northern and southern parts of the basin. Our results show: (1) the 24 geometry of the crust, with maximum crustal stretching factors up to 6 and 10 along the northern and 25 southern profiles, respectively; (2) asymmetry of the basin structures, suggesting some simple shear 26 2 during the extension; (3) low velocities beneath the Moho that could represent either partially 27 serpentinised mantle or mafic under-plating; and (4) a possible igneous composition of the PMR. 28 29
components of a working petroleum system in the centre of the basin (Wrigley et al. 2014) . The 48 recent increase in exploration interest, reflected in new Licensing Option awards, suggests that it will 49 remain an active frontier exploration province in the coming years. However, unlocking the petroleum 50 potential will require an improved understanding of basin structure and development (Wrigley et al. 51 2014) . 52 3 In this paper, we use wide-angle seismic data along two West-East lines that cross the Porcupine 53 Basin axis, from the Porcupine Bank to the Irish Continental Shelf at 52.2°N and 51.4-51.5°N (Fig. 1) , 54
to provide an analysis of the crustal and uppermost mantle seismic velocities across the basin and 55 briefly consider implications for its formation. 56 GEOLOGICAL BACKGROUND 57 The sedimentary record of the Porcupine Basin reveals a complex geodynamic and/or thermal history 58 involving several episodes of rifting and subsidence that span from late Palaeozoic to late Mesozoic 59 times, with the major rift phase occurring in Late Jurassic -Early Cretaceous times (Shannon 1991 ; 60 Tate et al. 1993; Johnston et al. 2001; Naylor & Shannon 2011) . 61
Based on subsidence analysis from available seismic reflection and well data, and using a simple Airy 62 isostatic approach, Tate et al. (1993) estimated that lithospheric stretching factors increase from less 63 than 2 in the north to more than 6 in the south of the Porcupine Basin (Fig. 1 ). Crustal thicknesses in 64
Porcupine Basin have been estimated by 3D gravity modelling, with minimum thicknesses in the 65 centre of the basin as low as 5 km (Welford et al. 2012 ). Recent results from wide-angle seismic data 66 (O'Reilly et al.; 2006) suggest that the crust is even thinner in places and may be absent in the central 67 part of the basin, over the Porcupine Arch (Fig. 1c ). This observation may imply that the basin has 68 experienced a more complex stretching history resulting in greater thinning, at least locally in the 69 centre of the basin, than estimated by Tate et al. (1993) . 70 Tate et al. (1993) also described a ridge feature, the Porcupine Median Ridge (hereafter, the PMR), in 71 the middle of the southernmost part of the basin (Fig. 1 ). This feature was described further by Naylor 72 et al. (1999, 2002) . During the last three decades, this ridge has been successively interpreted as (1) a 73 volcanic structure (e.g. Tate Another striking feature is observed in the free-air gravity data: the Porcupine Arch ( Fig. 1c 
DATA AND METHOD

84
The data acquisition and seismic phases 85 The data used in this study were acquired during an offshore/onshore wide-angle-seismic experiment 86 that was completed by GEOMAR and DIAS in May 2004. 87 The northern profile The southern profile 101 A total of 31 ocean-bottom instruments were deployed along the 307-km-long southern line. First, ten 102 OBH and fifteen OBS were deployed every ~8 km along a 2D line and recorded 2523 shots: 103 instruments 1 to 25 ( Fig. 1c ). However, OBH 05 and 24 failed to record useable data and a second 104 seismic survey taking place in the study area at the same time made the easternmost part of the line 105 5 very noisy. For this reason, part of the line was re-shot later. Then, six ocean-bottom instruments were 106 deployed and 702 shots were recorded by instruments 90 to 95 (Fig. 1c ). The location of the 107 instruments was chosen to increase the data density above the Porcupine Median Ridge, reducing the 108 Data processing and picking 118 The phases identified on each seismogram were picked manually. In total, 31,676 and 62,977 arrivals 119 were picked along the northern and southern profiles, respectively (Tables 1 and 2) . 120
Data were picked on unprocessed seismograms first, using both hydrophone and vertical geophone, 121 where available. Further arrivals were picked using deconvolved and filtered seismograms. These 122 later picks were done with care to avoid introducing a time shift in the picking. Deconvolution was 123 done in 2 steps: (1) spiking deconvolution, and (2) predictive deconvolution, with a gap length of 124 0.386 s. Then, a band-pass filter was applied, with corner frequencies of 1-5-15-25 Hz. Processed data 125 were also used for display ( Fig. 2 ). This processing significantly improved the signal-to-noise ratio 126 and allowed for the retrieval of signal at far offsets, up to source-receiver distances of 100-120 km. 127 Some instruments show a high velocity set of arrivals at source-receiver distances of 5-20 km (e.g. 128 black arrows on Fig. 2h ). These arrivals correspond to a 5-5.25 km/s layer in the sediments that is 129 probably thin (up to a few hundred meters) and would be poorly resolved by travel-time tomography. 130
Thus, we ignored these arrivals in this study. 131 6 Picking uncertainties were set using the signal to noise ratio of the data trace 250 ms before and after 132 the picked arrival for each arrival time, following Zelt & Forsyth's (1994) The velocity models show the geometry of the sedimentary basin, the thinning of the crust and the 160 velocity structure in the uppermost mantle ( Fig. 3a and 3b) . 161
Northern line 162
The tomography model of the northern profile shows the P-wave velocity structure in the sediments, 163 crust and upper mantle together with the geometry of the six reflectors: four in the sediments, one in 164 the basement and the Moho (Fig. 3a) . 165
The velocity structure from the seafloor down to the deepest sedimentary reflection shows velocities 166 ranging from 1.6 to ~3.5 km/s ( Also, the lateral continuity of these layers indicates no significant evidence of disruption or 169 deformation that could be attributed to the effects of active fault-controlled rifting. Below these, no 170 wide-angle reflectivity from the syn-rift and pre-rift sections is identified on the record sections, and 171 thus, no interface bounding these layers is retrieved in this model. However, velocities of 4-5 km/s 172 might correspond to isolated syn-rift packages rotated by normal faults, e.g. at 90 km model distance 173 and 7 km depth ( Fig. 3a ). Below these packages, an intra-basement reflector is defined across the 174 basin, showing a velocity contrast from 5 to 5.5 km/s in some regions. The velocities observed in this 175 layer might represent either pre-rift sediments or fractured crystalline crust. Below this intra-basement 176 reflector, seismic velocities increase downwards from 5.5-6 to 6.8-6.9 km/s at the Moho discontinuity 177 ( Fig. 4a ), which shows major asymmetry across the basin. The lowermost basement shows velocities 178 up to 6.8-6.9 km/s where the crust is thick and up to 6.5 km/s in the central part of the basin where the 179 crust is highly thinned (km 100-130, see Fig. 4a ). The model shows a strong velocity contrast, from 180 6.5-7 to more than 7.5 km/s, at the Moho discontinuity. Seismic velocities range from 7.5 to ~8. Well 43/13-1, which terminated in Upper-Jurassic strata, is located approximately 7 km north of the 232 southern line near a model distance of 110.5 km (Fig. 5b) . The well data and tomography results 233 along the southern line also show a very good correlation of the velocities at depth. 234
The velocity differences observed between the well log data and the velocity models probably arise 235 because the wells are not located exactly on the velocity profiles and sediment velocities can vary 236 laterally by 100-500 m/s (Fig. 4b) . 237
Comparison of the models with coincident seismic reflection profiles 238
Combining the velocity models with coincident seismic reflection data allows a comparison between 239 the two images, thereby helping to improve interpretation of the seismic reflection data at depth (Figs. 240 6 and 7). A Kirchhoff pre-stack depth migration was applied to the seismic reflection data, using 241 velocities from residual move-out and depth focusing analysis in a top down approach. The image 242 output from this method is sharper than the image output using velocities from wide-angle 243 tomography. The RMS differences between velocities from the wide-angle data and velocities used 244 for pre-stack depth migration in the basin area are 0.022 and 0.026 km/s for the northern and southern 245 lines, respectively. There is a remarkable correspondence between the independently-derived velocity 246 models and the coincident seismic reflection profiles. 247
Northern line 248
The seismic reflection profile Wire 2 (Croker & Klemperer 1989) is coincident with the northern 249 profile. We compared the velocity structure of the basin with the tectonic structure observed in a pre-250 stack depth migration of Wire 2 (Fig. 6) . Figure 6c shows that the post-rift sedimentary cover has 251 velocities ranging from 1.6 to ~4.0-4.5 km/s. Below this sedimentary package, velocities between 4.5 252 and 5 km/s overlie rotated syn-tectonic sediments, while velocities between 5 and 6.9 km/s are mainly 253 representative of the crystalline basement, though velocities between 5 and 5.5 km/s might also 254 represent pre-rift sediments. The base of the half-graben structure observed in the middle of the basin 255 (i.e. 120-125 km model distance and 8 km depth, Fig. 6b ) is well defined by seismic velocities of 5 256 km/s that coincide with the crystalline basement. The top of the mantle from the seismic velocity 257 model (Fig. 6c ) coincides with high amplitude reflections at 14 km depth and CDP 5700-6500 on 258 profile Wire 2 (Fig. 6b ). Thus, these reflections observed on Wire 2 might also correspond to the 259 crust-mantle boundary. 260 Fig. 7) . Velocities from 1.6 to ~5 km/s follow the sedimentary structures. In particular, velocities 264 11 between 4 and 5 km/s highlight typical syn-rift deposits, i.e. tilted-blocks like those observed along 265 the northern line, at models distances of 105-125 km (Fig. 7c ). The PMR, located between CDP 4500 266 and 6500 at 5 to 9 km depth (Fig 7b) , shows velocities from 4.7 km/s at its top to 6 km/s at its base, 267 which are higher than the surrounding sediments. Also, a set of reflectors with higher amplitude than 268 the sediments above and below, is observed in the western part of the basin, at CDP 3000 to 5000, at 269 depths of 5.5 to 7 km (Fig. 7a) (Fig. 7) . The seismic velocity of both the PMR and the intra-sedimentary 319 layer is consistent with that of volcanic rocks (e.g. Christensen 1982; Eldholm & Grue 1994). Thus, 320 using both refraction and reflection seismic imaging, we interpret the PMR as a volcanic feature. The 321 velocities in the PMR are slower than might be expected for a serpentinite diapir, reaching values as 322 low as 4.7 km/s. Velocities are also lower than those expected for continental crustal rocks and, based 323 on this observation and the morphology of the ridge, we do not favour the tilted-block hypothesis. At 324 this stage we cannot exclude the serpentinite diapir and tilted-block hypotheses: serpentinite could be 325 mixed with sediments and a tilted crustal block could be highly fractured, also decreasing the 326 velocities. Nevertheless, the geometry and seismic velocities of the PMR favour a volcanic structure. 327
Southern line
High seismic velocities similar to the PMR velocities and a velocity inversion in the underlying 328 sediments also favour an igneous nature (e.g. intrusive sills or volcanic flows) of the highly reflective 329 intra-sedimentary layer. If these volcanics were related to the PMR, their presence would imply that 330 the PMR had at least two main phases of activity: (1) a first phase during which the volcanic ridge 331 In this study, we determined the crustal and upper mantle structure across Porcupine Basin, from the 346 Porcupine Bank to the Irish shelf, along two east-west profiles, 90 km apart from each other. We 347 conclude that: 348
• The large-scale crustal structure is highly asymmetric, which is compatible with a component 349 of simple shear during crustal stretching. Crustal thinning increases from north to south in the 350 basin. The continental crust is highly stretched along the whole basin, with maximum crustal 351 stretching factors increasing toward the south, from 6 to 10 between the two profiles. Also, 352 the highly thinned crust occurs across a wider area in the south (90 km) than in the north (< 353 30 km). 354
• The PMR shows seismic velocities that are consistent with volcanics but do not exclude other 355
interpretations. The PMR is located just east of a high-velocity / highly reflective layer in the 356 sediment column, which we interpret as of igneous origin. The relationship between this 357 feature and the PMR is unclear. 358 
